Abstract: High spectra response of metal-semiconductor-metal (MSM) ultraviolet photodetectors (UV PDs) based on GaN epitaxial wafers with different diameters of Al nanodots on the surface were realized on free-standing GaN substrates. The UV PDs exhibit low dark current and high spectral response both at room temperature and 150°C, demonstrating the thermal stability of the fabricated devices. The peak responsivities for the PDs with Al nanodot diameters of 60, 80, and 120 nm are 1.079, 2.420, and 3.096 A/W, showing an enhancement ratio of 32%, 196%, and 280%, respectively, compared to the referential PD without Al nanodots. Numerical investigations reveal that the significant enhancement performance is due to the localized surface plasmon effect, which enhances the localized electric field and produces more electron-hole pairs in the optoelectronic devices, leading to a higher responsivity. The results presented in this paper can promote the development and application for high performance GaN UV PDs.
Introduction
GaN-based semiconductor materials are promising for high performance ultraviolet photodetector (UV PD) fabrication because of their large direct bandgap energy, high electron saturation velocity, high thermal conductivity, and excellent chemical and physical stability. The III-nitride photodectors (PDs) posses important military and civilian applications, including flame warning, missile plume detection, chemical/biological sensing, and solar UV monitoring [1] - [3] . Up to date, various types of GaN-based PDs have been designed, such as p-i-n PDs [4] , Schottky barrier diodes [5] , avalanche PDs [6] , and metal-semiconductor-metal (MSM) PDs [7] . Among them, MSM PDs are promising for practical applications owning to their attractive advantages of intrinsic high speed, fabrication simplicity and compatibility with field transistor technology [8] . However, the performances of GaNbased MSM PDs suffers from excessive dark current due to the high dislocation densities that exist in GaN epilayers. The mismatch of the thermal expansion between GaN and conventional sapphire substrate results in structural defects related to cracking and dislocation caused by stress relaxation during the epitaxial growth or cooling stage. Hetero-epitaxial GaN often contains a high dislocation density at the order of magnitude of 108-1010 cm 2 . Various technologies have been proposed to alleviate the effect of the inherent defects on the dark current of GaN MSM PDs. The most straightforward way to reduce the defects or dislocation density in GaN thin films is the homoepitaxial GaN on bulk GaN substrates, because its dislocation density could be reduced more than two orders of magnitude compared with hetero-epitaxial GaN [9] . On the other hand, the light interactions between light and metallic nanoparticles (NPs) introduce effective approach to improve the performance of optoelectronic devices [10] - [13] . Surface plasmonic effects provide opportunities for improving the optoelectronic characteristics of photovoltaics, light emitting diodes (LEDs) or PDs by enhancing the coupling effect of optical process in the devices' incident light, emitted light, or active region. Localized-surface-plasmon (LSP) enhancement effect can be realized by exerting incident light on the free electrons of metals, thus inducing collective oscillations between electrons and photons. Resonance could occur if the frequency ωsp of the collective oscillation is designed to similar to the frequency of excited light wave, which would produce localized deep sub-wavelength of incident electromagnetic fields [14] . This phenomenon is proposed to improve the responsivity of GaN UV detectors, and the commonly used metals are Ag and Au [13] , [15] . However, Al is suggested as an alternative metal for LSP-enhanced UV detectors, because Al has a much higher plasma frequency (∼15 eV) and supports surface plasmons in the UV spectral region [16] .
In this work, in order to integrate the advantages of high material quality on free-standing bulk GaN substrate and LSP coupling for GaN-based UV PDs, Al nanodot-based LSP-enhanced GaN MSM PDs have been fabricated on bulk free-standing GaN substrates with low defect density. The PDs show very low dark current and high responsivity. The mechanism of the performance enhancement for the PDs is explored by the finite-difference time-domain (FDTD) method based on the quasi-particle approximation.
Experimental Details
The PD epitaxial structure was grown on commercial free-standing bulk GaN substrate with a thickness of ∼ 350 μm by metal-organic chemical vapor deposition (MOCVD). The epi-layers are composed of a 1-μm-thick silicon doped n + -GaN (∼ 5 × 10 18 cm −3 ) transition layer, followed by a 4 − μm-thick unintentionally doped (UID) GaN active layer. Then Al nanodots with different sizes were deposited on the epi-layer surface by electron beam (EB) evaporation by controlling the EB power. The schematic diagram of the Al nanodots covered on GaN surface is shown in Fig. 1(a) . Standard photolithography and lift-off processes were employed for the fabrication of PD devices. Semitransparent Schottky contacts with Ni (50 nm)/Au (200) were fabricated for the devices' interdigitated contacts. As the photograph of fabricated device shown in Fig. 1(b) , the fingers of the contact electrodes are 12 μm wide and 150 μm long with a spacing of 15 μm.
Atomic force microscopy (AFM) was used to characterize the size and distribution of Al nanodots. The current-voltage (I-V) performances of the MSM PDs were measured by probe station with Keithley 4200 eletrometer under dark and illumination. For the spectral responsivity measurements, the light output from a 350 W Xe lamp was directed into a monochromator for single wavelength selection. The PDs under test were illuminated by monochromatic light transmitting through an optical fiber, which was coupled into the output port of the monochromator. The incident light power was calibrated with a Si-based detector. Fig. 2 displays the dark-and photo-current characteristics of the MSM PDs without Al nanodots at room-temperature (RT) and 150°C, the photocurrent is measured under 350 nm UV illumination with the optical power density of about 7 μW/mm 2 . It can be observed that the PD exhibits ultra-low RT dark current at the order of magnitude of 10 −12 A under bias voltage below 50 V, which is because that the low defect and dislocation density in GaN epi-layer grown on freestanding GaN substrate can inhibit the leakage path in GaN-based optoelectronic devices [17] . Even by increasing the operating temperature to 150°C, the dark current is around 10 −12 A at the bias voltage below 18 V, demonstrating that the PD based on GaN free-standing substrate exhibits high thermal stability. Then the dark current increases sharply to the order of magnitude of 10 −10 ∼10 −8 A as the bias voltage exceeds 18 V, which is due to the thermal activation of trapped holes at the semiconductor/metal interface. Besides, the photocurrent decreases from 10 −5 to 10 −6 A when the temperature is increased from RT to 150°C at bias voltage of 10 ∼ 50 V. The decline of photocurrent with increased temperature would be due to improved recombination loss at high temperature and activated trapped holes induced by thermal energy between metal and semiconductor interface [18] . GaN-based MSM PDs with different diameters and distributions of Al nanodots have been fabricated on GaN surface. Fig. 3 shows the top-view AFM images of three samples with Al nanodots deposited at different EB power. It is obvious that increased EB power resulted in larger and dispersive Al nanodots. The statistical estimations of the AFM images indicate that the average dimension of the Al nanodots are approximately 60, 80, and 120 nm for Fig. 3(a), (b) , and (c), respectively. While the spacing distance of the self-assembled nanodots ranges from 10 nm to 200 nm.
Results and Discussion
The spectral response characteristics of the GaN-based UV PDs are investigated at room temperature. Fig. 4 shows the spectral responsivity of the PDs with three different sizes of Al nanodots as fabricated in Fig. 3 . For reference, the PD without Al nanodots is also measured. All the UV PDs are operated under the bias voltage of 10 V. It can be seen that the PDs show high responsivity, benefited from the low dislocation density of GaN grown on its free-standing substrate. And a sharp cutoff in the spectral response curves appears at approximated 365 nm, which is consistent with the band gap of GaN. Furthermore, the spectral peak responsivity is enhanced for all the PDs with Al nanodots compared with the referential PD without Al nanodots, and the responsivity increases with the diameter of Al nanodot is enlarged. The PD with the largest diameter of about 120 nm shows the highest peak responsivity of 3.096 A/W, while the peak responsivities are 1.079 and 2.420 A/W for the other two PDs with Al nanodots sized of 60 and 80 nm, respectively. Meanwhile, the enhancement ratios for PDs with 60, 80, and 120 nm Al nanodots are about 32%, 196%, and 280%, respectively, compared to the referential PD with a peak responsivity of 0.817 A/W. As all the PD structures are almost the same, except that the GaN surfaces have been covered with different diameters of Al nanodots and without Al nanodots, the significant enhancement of the responsivity could be attributed to the LSP resonance effects of the Al nanodots. One possible mechanism is that the incident light exerted on the metal (Al) nanodots induces collective oscillations of the conducting electrons caused by the oscillating electromagnetic field of the incident light [19] . The subsequent polarization effects and restoring forces lead to resonance behavior. The localized electric field enhancement effect and related scattering effect generate more electron-hole pairs and thus a higher responsivity.
In order to confirm the mechanism explained above, the extinction (absorption + scattering) spectra of Al nanodots is depicted by using FDTD simulation, as show in Fig. 5(a) . By simplifying the simulation process, single spherical Al/Al 2 O 3 core/shell nanodot is designed, the Al core structure is coated with a 3 nm Al 2 O 3 shell in the simulation, as Al can be easily oxidized when exposed into the atmosphere [20] . The refractive indices of GaN is set as 2.4. For accurate representation of rapidly changing SP field, the maximum grid size is fixed as 1 nm, which is an adequate size to resolve the strongly localized field distribution in view of limited computational capacity. To simulate the infinite extension of the background environment, the entire region is placed by perfectly matched layer (PML) conditions on all the sides, and the whole system is merged into air with dielectric constant.
As can be seen from Fig. 5(a) , all the positions of plamson resonance appear in the UV region for single Al nanodots with the diameter ranging from 20 to 120 nm. Moreover, the peak positions in the spectra shifts from ∼220 nm to ∼360 nm as the dimension of the Al nanodot changes from 20 nm to 120 nm, and accompanied with the increase of the spectral extinction intensity, which determines the enhancement of resonance amplitude. Larger size of Al nanodots would gather more electromagnetic energy because of the increased absorption cross section and higher polarizability, resulting in enhanced resonance amplitude [21] . Therefore, we can concluded that the enhancement of the spectral response for the GaN MSM PDs is attributed to the Al nanodot deposited on the GaN surface in our experiments. In addition, as observed from the simulated spectra, the peak position of the plasmon resonance for 120 nm sized Al nanodot is near 360 nm, which is the closest to the peak responsivity of the GaN UV PDs. This is fairly consistent with result in Fig. 4 that the PD with 120 nm sized Al nanodots reveals the highest responsivity. To further explore the improved performance of the GaN MSM PDs with Al nanodots, Fig. 5(b)-(d) simulate the electric field distributions for single Al nanodots with dimension of 60, 80, and 120 nm, respectively. It is obvious that the electric field intensity enhances with increasing the dimension of the Al nanodot, which is in good agreement with the above analysis, and further explains the result of enhanced spectral responsivity caused by increased diameter of Al nanodots for GaN-based MSM UV PDs.
Conclusion
In summary, enhanced responsivity of GaN-based MSM UV PDs by using different diameters of Al nanodots have been successfully fabricated on free-standing GaN substrates. The PDs exhibit low dark current and high spectral response both at room temperature and 150°C. The enhancement ratio of the peak responsivity for the PDs depends on the diameter of the Al nanodots. The enhancement ratios for PDs with 60, 80, and 120 nm Al nanodots are about 32%, 196%, and 280%, respectively, compared to the referential PD without Al nanodots. The highest peak responsivity of 3.096 A/W can be obtained for PD with the largest diameter (120 nm) of Al nanodots. Numerical simulations reveal that the significant enhancement performance is due to the resonance effect of localized surface plasmon, which enhances the localized electric field and induces more electronhole pairs in the optoelectronic devices, leading to a higher responsivity. The experimental results are in good agreement with the numerical calculations, demonstrating the promising development and application of high performance LSP-enhanced GaN UV PDs.
